It has been proposed that visual working memory can hold a set of four to five coherent object representations. As a test of this proposal, I devised a paradigm called multiple object permanence tracking (MOPT) that measures memory for feature-location binding in dynamic situations. Observers were asked to detect any feature switch in the middle of a regular rotation of a pattern with multiple objects behind an occluder. The feature switch detection performance dramatically declined as the pattern rotation velocity increased. The behavioral evidence for the use of multiple color-shape conjunction was observed only when the objects were stationary. These results cast doubt on the view that the functional unit of visual working memory involves coherent object representation, where object features are tightly bound and dynamically updated.
Introduction
Our visual system deals with the changing world, and is quite often disrupted by blinks, eye movements, and occlusion of external objects. Thus, the visual cognition of dynamic events with multiple objects needs spatiotemporal interpolation of disrupted information. Visual working memory plays a crucial role in such interpolation by maintaining and transforming the representations of the external world. It has been proposed that visual working memory can hold a set of four to five coherent representations of multiple objects (Kahneman, Treisman, & Gibbs, 1992; Luck & Vogel, 1997) . Object representations are different from simple feature representations, because (1) they are spatiotemporally updated by the objectÕs motion (dynamic updating), and (2) multiple features constituting the object are bound together (feature binding). To draw a firm conclusion for the use of object representations in visual working memory, simultaneous evidence for both dynamic updating and feature binding is necessary. However, previous work addressed either dynamic updating alone with single dimensional stimuli (Pylyshyn & Storm, 1988) or feature binding alone with static stimuli (Luck & Vogel, 1997) , except for Scholl, Pylyshyn, and Franconeri (Submitted for publication). Thus, the critical test of this proposal is the dynamic updating of feature binding. I conducted such a test, and revealed that, contrary to a widely held view, the dynamic updating of feature bindings in visual working memory is quite limited.
To evaluate the working memory capacity in a situation where feature-location binding needs to be dynamically updated, I created a multiple object permanence tracking (MOPT) task (Fig. 1) . The MOPT task is a mixture of multiple object tracking (MOT) (Pylyshyn & Storm, 1988; Scholl & Pylyshyn, 1999) , and change detection tasks including the object-permanence test (Pashler, 1988; Phillips, 1974; Xu & Carey, 1996) . Unlike the MOT task, where the objectsÕ features are irrelevant, the MOPT requires maintaining objectsÕ features and their spatiotemporal location. Unlike the standard change detection task where objects are stationary (Luck & Vogel, 1997) , the MOPT with moving objects forces observers to actively maintain feature-location binding.
The MOPT paradigm thus measures dynamic updating of feature-location binding of multiple objects. Observers saw a pattern of several colored objects rotating behind a windmill-shaped occluder, where the objects were periodically occluded. As in the object-permanence test, the sensitivity to the objectsÕ changes during the occlusion was used as an index of the maintenance of object representation. The change during the occlusion was the switch of features between two objects. To detect the switch, the binding of objectsÕ feature combinations and their spatiotemporal locations should be properly maintained. The maintenance of coherent object representation should lead to accurate detection of the feature switch as far as these objects can be tracked.
For the MOPT paradigm to measure dynamic feature binding, two conditions should be satisfied: (1) observers can successfully track the objects, and (2) they can perceive the objectsÕ features even when they are moving. For object tracking, previous research showed that people could successfully track multiple objects up to an angular velocity of 360 deg/s (Verstraten, Cavanagh, & Labianca, 2000) . Moreover, my previous work explicitly measured observersÕ tracking ability and showed that within the range of angular velocity used in this study (under 125 deg/s), their tracking performance was almost perfect (Saiki, 2003) . For the color perception of moving objects, Saiki (2003) also showed that detection of the insertion of a new color within the MOPT sequence is almost perfect, suggesting that color perception itself is intact within the angular velocities used in this study. Taken together, it is highly unlikely that the findings of this study with the MOPT paradigm can be fully accounted for by tracking or color perception.
This study advances our understanding of the dynamic feature binding in visual working memory and adds to my previous study (Saiki, 2003) in the following respects. First, Experiment 4 investigated the binding of color and shape in a dynamic situation, which is the critical test of the object-based view of visual working memory. Second, Experiment 3 investigated the effects of maintenance cost by manipulating the number of objects to be monitored, which allowed us to investigate the effects of top-down control in dynamic feature binding. Third, Experiments 1-3 investigated the spatiotemporal characteristics of feature binding in a more quantitative way, leading to a quantitative model.
General method

Materials
Stimuli were four colored disks configured as a diamond. Each disk was placed at equal eccentricity from the center of the occluder. , and the combinations of these colors were counterbalanced across trials. The colored pattern was occluded by a gray windmill-shaped occluder (1.5 cd/m 2 ), and the background was black (0.01 cd/m 2 ). An illustration of a stimulus pattern is shown in Fig. 1 . A colored pattern and/or a windmill-shaped occluder smoothly rotated with constant angular velocities, so the sequence alternated visible and invisible periods regularly. Each stimulus sequence began with the visible state, followed by 10 alternations of visible and invisible periods. In the following, the term ÔphaseÕ is used to denote each alternation of visible and invisible periods. A color switch occurred between two colors at one phase (equally often from the fourth to the seventh phase). If a color switch occurs, the post-switch phase returns to normal. This is because the single phase switch eliminates the participantsÕ strategy of memorizing the color order (most likely verbally) for the first few frames and comparing it with later frames.
Procedure
Observers were asked to try to pay attention to the whole pattern throughout a trial, but the fixation was not monitored. They judged whether a sequence con- Fig. 1 . Schematic illustrations of the MOPT task. A color switch occurred from the 4th to the 7th phase equally often (in the figure, the period with an asterisk contains a color switch). In a color switch sequence, only one phase contains a switch, and the next visible period returns to normal. tained any color switch by a key press, without correct feedback. There was no time pressure to make a response, and observers did not have to wait until the sequence ended, to make a response. The rotation directions of the pattern (clockwise and counterclockwise) were blocked, and the main experimental variables (angular velocity, occlusion duration, number of targets) were randomly mixed within each block. To avoid verbal encoding, articulatory suppression was used. Observers were asked to repeatedly vocalize ''da, da, da, . . .'', while a stimulus sequence was shown. Each trial began with a beep that prompted articulatory suppression. Afterwards, the first frame of the sequence appeared on the screen and remained stationary. Five hundred ms later, the motion sequence began. Observers judged whether a color switch occurred or not by pressing the ''1'' or ''3'' key on the numerical keypad for no switch or switch, respectively. There was no time pressure to make a response, and they could make a response during the sequence if they detected a switch. After the switch detection response, observers were asked to make a confidence rating for their response, which was used for ROC analyses. Before experimental trials, observers had a block of six to eight practice trials to familiarize themselves with the procedure. Experimental trials were made up of blocks of 24-30 trials, and participants could take a rest between blocks. The experimental program was written using MATLAB with a psychophysics toolbox extension (Brainard, 1997; Pelli, 1997) .
Data analyses
ObserversÕ performance was analyzed in two ways. First, effects of experimental factors were analyzed using proportions correct with correction for guessing. This accuracy measure was used for the model-based analyses described in detail below. Second, ROC analyses were conducted using the confidence rating data. The ROC analyses allowed us to evaluate a measure of accuracy uncontaminated by response biases, A z , even when the equality of signal and noise variances could not be assumed. Although ROC analysis provided additional information regarding observersÕ performance such as variance of signal and noise distribution, and an accuracy measure A z that accounted for unequal variance situations, the number of trials in this study was often insufficient to estimate such measures reliably. Thus, in experiments with more than one factor, an ROC analysis was performed for each experimental factor by collapsing the other factor to obtain reliable estimates. In this sense, data analyses based on the proportion correct and ROC are complementary. In the ROC analysis, I estimated A z , the slope and intercept of the Ztransformed ROC function (b and a) using the algorithm of Dorfman and Alf (1969) . Using these estimates, I also estimated the response bias measure, logðbÞ (Wickens, 2002) . On some occasions, Dorfman and Alf (1969) Õs algorithm failed to give an estimate, and in such cases, I used another algorithm proposed by Metz and Pan (1999) .
In the statistical tests for the data, bounded statistics such as proportion correct and A z were submitted to an arcsine transformation before statistical tests. The criterion of statistical significance was 0.05 throughout this study, unless specified.
Experiment 1
First, I investigated the spatiotemporal characteristics of dynamic updating using minimal setting, color-location binding. Objects were colored disks, and the binding of the objectÕs color and its location should be dynamically updated. Experiment 1 investigated the effects of angular velocity of the pattern, which presumably imposes processing costs on working memory. The angular velocity, from 0 (i.e., static) to 125 deg/s (Fig.  2a) , was manipulated by the relative motion of the pattern and occluder, which kept the exposure and occlusion durations constant. To compare with a previous study (Luck & Vogel, 1997) , I used four disks in this experiment. Note that the fastest angular velocity was still much slower than the maximum velocity of approximately 360 deg/s in the simple location tracking task (Verstraten et al., 2000) . Furthermore, regular rotation was completely predictable, unlike the standard MOT task (Pylyshyn & Storm, 1988) . Therefore, if the previous studies reflected tracking of coherent object representations, the costs imposed in this experiment should not affect performance.
Method
Four colored disks of 1.5 deg in diameter were placed at 3.0 deg from the center of the occluder. The main variable was angular velocity of the colored disks. Visible and occluded durations were 360 ms, and the angular velocities of the pattern were 0, 42, 84, and 125 deg/s. To make the visible and occluded periods equal length across conditions, the angular velocities of the occluder were 125, 84, 42, and 0 deg/s, for 0, 42, 84, and 125 deg/s conditions, respectively. For each velocity condition, there were 24 no change and 48 color switch trials. There were 288 trials in total, which were divided into 144 clockwise and 144 counterclockwise trials. Clockwise and counterclockwise trials were blocked, and run in separate experimental sessions. The order of experimental sessions was counterbalanced across observers. There were seven observers with normal or corrected to normal color vision, including the author.
Results
Proportion correct
ObserversÕ performance in color switch detection was a monotonic decreasing function of angular velocity (Fig. 2b) , inconsistent with the coherent object representation view predicting no such impairment (linear trend contrast, F ð1; 6Þ ¼ 50:26). The difficulty in the MOPT task is not due to the difficulty in perceiving the colors of moving stimuli, because simple detection of the insertion of a new color is almost perfect (Saiki, 2003) . Furthermore, the accuracy in the stationary condition is consistent with those in previous studies using static stimuli (Luck & Vogel, 1997) . Thus, the difficulty resides in dynamic updating of the binding of colors to spatiotemporal locations.
ROC analysis
Means of estimated A z showed the same pattern of results as proportion correct (Table 1 ). Fig. 2c shows ROC curves for different angular velocity conditions. These aggregate ROC curves, and all ROC curves in this study, were obtained by using averages of estimates of a and b values of the standardized ROC function across observers, rather than by using pooled hit and false alarms (Wickens, 2002) . As shown in Fig. 2c , A z monotonically decreases as angular velocity increases. Similar to the proportion correct data, the mean A z showed significant linear contrast ðF ð1; 6Þ ¼ 33:74Þ. In addition, the shape of ROC curve differed as a function of angular velocity. The slope of the standardized ROC function (b) reflects relation between variance of signal and noise distributions, such that a slope less than one indicates that signal variance is larger than noise variance. As shown in Table 1 , all four angular velocity conditions showed slopes significantly smaller than 1, suggesting that signal distribution had larger variance. Moreover, the slope tended to be smaller when the angular velocity was small. Combined with the higher accuracy in the small angular velocity conditions, smaller slopes probably reflect smaller variance in noise distribution.
From the ROC analysis, we can also estimate the response biases of observers. Using the estimated slope and intercept of the standardized ROC, I estimated the logðbÞ. Table 1 shows the mean logðbÞ for each angular velocity condition, and it is clear that larger angular velocity conditions showed stronger response biases. Mean logðbÞÕs in the 84 and 125 deg/s conditions were significantly larger than 0, suggesting that observers used a conservative response criterion. In contrast, mean logðbÞÕs in the 42 and 0 deg/s conditions were not significantly different from 0.
Discussion
Even within the range of successful object tracking and color perception, angular velocity strongly affected the observersÕ performance of color switch detection in the MOPT task, suggesting that color-location binding is quite difficult when objects are moving. The ROC analysis revealed that this effect was not due to response biases. This result cast doubts on the view that we can hold multiple coherent object representations in visual working memory (see also Wheeler & Treisman, 2002; Xu, 2002) .
Experiment 2
Experiment 2 examined the effect of occlusion duration to evaluate the ''life-span'' of object working memory in dynamic situations. The occlusion duration was manipulated by the width of the occluder opening (Fig. 3a) . MOT performance is not impaired by a short period of occlusion of objects (Scholl & Pylyshyn, 1999) , and the duration of the occlusion period in their study Ninety-five percent confidence interval is in parentheses. Asterisks ( Ã ) for b and logðbÞ denote values significantly lower than 1, and higher than 0, respectively, at a ¼ 0:05.
(average duration was 322.38 ms) was similar to that of Experiment 1 (360 ms). Thus, the results of Experiment 1 can be interpreted in at least two ways. First, in both the MOT and MOPT paradigms, coherent object representations are formed and maintained, and the performance is impaired with substantial occlusion duration, such as in Experiment 1. This account predicts that impairment of color switch detection will be observed only with long occlusion duration conditions. In contrast, MOT and MOPT may reflect different types of representations. The MOT measures maintenance of spatiotemporal indexes, which can survive for a long occlusion duration, whereas the MOPT measures dynamic feature binding, which is vulnerable to object motion. The second account predicts the impairment of color switch detection independent of occlusion duration.
Method
Four colored disks of 1.2 deg in diameter were placed at 3.6 deg from the center of the occluder. The occlusion duration was manipulated by the width of the occluderÕs openings. Occlusion duration was defined as the duration that disks were completely invisible. Occlusion durations of 40, 200, 360, and 520 ms were used. The openings of the occluder were 70, 50, 30, and 10 deg for 40, 200, 360, and 520 ms conditions, respectively. The angular velocities were 0, 63, and 125 deg/s, manipulated in the same way as in Experiment 1. There were 12 experimental conditions, and each condition had 24 no change and 24 color switch trials. There were 576 experimental trials, divided into two sessions of clockwise and counterclockwise trials. There were six observers with normal or corrected to normal color vision.
Results
Proportion correct
The hit rate declined as functions of occlusion duration (two-way ANOVA, F ð3; 15Þ ¼ 81:47), and of angular velocity ðF ð2; 10Þ ¼ 28:00Þ. These two factors did not show any significant interaction (F ð6; 30Þ ¼ 1:87, ns). In particular, the simple main effect of angular velocity at the 40-ms occlusion condition was significant (F ð2; 10Þ ¼ 8:18), suggesting that object motion impairs color switch detection with the minimum duration of occlusion. Note that exposure duration was at least 200 ms, so both exposure duration and angular velocity were well within the range of highly accurate performance in the context of previous studies (Luck & Vogel, 1997; Phillips, 1974) .
ROC analysis
ROC analysis was conducted separately for angular velocity and occlusion duration. First, the ROC analysis for the angular velocity revealed that A z increased monotonically as the angular velocity decreased, consistent with Experiment 1 (F ð2; 12Þ ¼ 29:05). Fig. 3c shows aggregate ROC curves for different angular velocity conditions. Second, the ROC analysis for the occlusion duration showed that there was a significant effect of occlusion duration on A z (F ð3; 15Þ ¼ 20:10). Fig. 3d shows aggregate ROC curves for different occlusion duration conditions. As Fig. 3d and Table 1 show, the mean A z for the 40-ms condition was significantly higher than those in the other conditions, while the other conditions did not show significant differences among one another (Tukey HSD test). As for the response bias, logðbÞÕs in the 540 and 200 ms conditions were significantly larger than 0, suggesting that observers used a conservative response criterion (Table 1 ).
Discussion
Overall, both angular velocity and occlusion duration had significant effects on color switch detection performance, and these two factors are largely independent. The cost of object motion was significant even with a minimum occlusion period (40 ms), suggesting that object motion impairs color switch detection regardless of the length of the invisible period. This result is consistent with an account assuming that whereas the tracking of spatiotemporal index (Pylyshyn, 1989) , which the MOT paradigm measures, survives a substantial occlusion duration, the dynamic feature binding that the MOPT measures is impaired only with a minimum occlusion duration. The results of Experiment 2 suggest that in visual working memory, the transformation cost and retention cost, manipulated by object motion and occlusion duration, respectively, are largely independent. One cautionary note is that Experiment 2 did not independently manipulate the occlusion duration and visible duration, so that the retention cost observed may reflect the cost in encoding colors. Although this experiment cannot eliminate the possibility of encoding costs, it is unlikely that the encoding cost was the sole reason for the performance impairment for the following reasons. First, as mentioned above, the visible duration was at least 200 ms, which is long enough, and second, color encoding is cumulative across phases because the color does not change most of the time.
In Experiment 3, the relationship between transformation cost and retention cost was addressed in another way: retention cost manipulated by the number of objects to be monitored.
Experiment 3
The reason for the impairment in dynamic updating of binding, even with the suprathreshold level exposure duration and angular velocity, might be that the experiments investigated color switch performance at the limit of working memory capacity. According to the resource sharing view of working memory (Just & Carpenter, 1992) , a mild processing cost has strong effects when the retention cost is at its limit, due to the tradeoff between processing and retention costs. Experiment 3 evaluated the ''capacity'' of dynamic object working memory in terms of the number of objects and the relationship between retention and processing costs. There were six objects, and observers were asked to track the color switch between target objects (2, 3, 4 or 6) prespecified at the beginning of each trial by flashing (Fig. 4a) (Pylyshyn & Storm, 1988; Scholl & Pylyshyn, 1999) . A color switch occurred either between the target objects, or between the non-target objects, and observers were asked to ignore any color switches between non-targets. In this experiment, processing and retention costs were manipulated by angular velocity and the number of targets, respectively. Thus, according to the resource sharing view, the effect of angular velocity would be observed only at the edge of the capacity limit, namely with four or more target objects.
Method
Six colored disks The diameter of each disk was 0.9 deg. Each trial was composed of cue period and rotation period. At the beginning of a trial, target objects (2, 3, 4, or 6) flashed three times within a period of 600 ms, following the 600-ms preview period of the pattern. The flashing period was followed by a 200-ms stationary period, then the pattern or the occluder began rotation. Observers monitored any color switch between two targets. They were asked to ignore any color switch between nontargets. Color switch did not occur between one target and one non-target. Thus, there were three event types: no switch, non-target switch, and target switch. ObserversÕ yes responses for the non-target switch, called intrusion errors, imply confusion between target and non-target objects. I analyzed the intrusion errors to examine whether object tracking was successful in this experimental setting. If observers failed in object tracking, the number of intrusion errors would be significantly larger than the number of false alarms (yes responses for no switch trials).
There were two types of configuration of target objects when the number of targets was four or less: adjacent or dispersed. In the adjacent configuration, target objects were adjacent to each other, whereas in the dispersed configuration, a target was not adjacent to another target, as far as possible. Because the configuration did not show significant effects on observersÕ performance, this factor was collapsed in the data analyses. The angular velocity was 0 or 125 deg/s. Overall, there were eight experimental conditions (4 target number Â 2 angular velocity), and each condition had 24 no change, 24 non-target switch, and 24 target switch trials, except for the six-target conditions, where there were 24 no change and 48 target switch trials. There were 576 experimental trials, divided into two sessions of clockwise and counterclockwise trials. There were six observers with normal or corrected to normal color vision.
Results
Proportion correct
The frequency of intrusion errors (white bars) was not significantly different from false alarms (black bars) (Fig. 4b) , confirming that performance of the MOPT task reflects mainly memory for color-location binding, not location memory per se. The hit rates (Fig. 4b) showed that the angular velocity affected all target number conditions (two-way ANOVA, F ð1; 5Þ ¼ 80:00, for the main effect of angular velocity, and F ð3; 15Þ ¼ 30:11, for the number of targets), suggesting the independent influence of the number of targets and their angular velocity on color switch detection (interaction F ð3; 15Þ ¼ 1:96, ns). In particular, even in the two-target condition, there was a significant effect of angular velocity (linear contrast F ð1; 5Þ ¼ 10:50).
ROC analysis
First, ROC analysis for the angular velocity revealed that A z for the 0 deg/s condition was significantly higher than that for the 125 deg/s condition, consistent with previous experiments (F ð1; 5Þ ¼ 50:05). Fig. 4c shows aggregate ROC curves for different angular velocity conditions. Second, ROC analysis for the number of targets showed that there was a significant effect of the number of targets on A z (F ð3; 15Þ ¼ 15:08). Fig. 4d shows aggregate ROC curves for different numbers of targets conditions.
Discussion
Overall, the processing and retention costs were independent, and a significant effect of angular velocity was observed even in the two-and three-target conditions. The results are inconsistent with the resource sharing view, and at least for the visual working memory measured by the MOPT paradigm, processing and retention are largely independent. Recently, some research on working memory has suggested the independence of processing and retention (Towse, Hitch, & Hutton, 2000) .
Regarding the issue of capacity, the results of this experiment suggest that in the 125 deg/s condition, the hypothesis that visual working memory has a capacity of four objects is incorrect. Whereas accuracies in the 0 deg/s condition show the pattern similar to previous research on visual working memory, those in the 125 deg/s condition show a monotonic decline from the twotarget condition. Object motion appears to reduce the capacity of visual working memory substantially.
Although the lack of significant interaction between the number of targets and the angular velocity was consistent with the independence of the processing and retention costs, it is rather weak evidence. Thus, I analyzed the proportion correct data with a mathematical model with the assumption of the independence of the processing and retention costs, to evaluate the validity of the independence in a more quantitative way.
Quantitative analysis of dynamic color-location binding
To quantitatively analyze the spatiotemporal characteristics of dynamic color-location binding, PelliÕs uncertainty model for contrast detection (Pelli, 1985) was applied to the performance of the MOPT paradigm. The uncertainty model assumes that an observer uses many internal samples, some task-relevant and others task-irrelevant, and that an observer makes a targetpresent response when the maximum value of these samples exceeds the subjective criterion. The number of task relevant and irrelevant samples affect the detection performance. For example, the spatial and temporal summation effects are explained by assuming that the number of task-relevant samples is a function of the extent of the stimulus. Although the uncertainty model postulates Gaussian distributions for the samples, the fitting of observed data was done using a Weibull distribution for computational simplicity (Pelli, 1985; Quick, 1974; Watson, 1979) .
Model
The model assumes that there are a fixed total number of relevant samples K 0 , which can be considered as the total amount of resources available. Each sample is supposed to extract the task-relevant information, namely, the color change, before and after an occlusion period. The relevant samples are divided among the target objects to be monitored, which is analogous to the resource allocation to multiple objects. Also, to describe the cost of objectsÕ motion, the number of relevant samples decreases exponentially as the angular velocity of the objects. The model assumes that the number of task-relevant samples K is given by:
where K 0 is the number of samples in an ideal case, N is the number of targets, r is the angular velocity, and x is the exponential decay rate parameter. When the uncertainty model is applied to the MOPT paradigm, the corrected hit rate is described as:
where a 1 is the threshold parameter for a single taskrelevant sample, and b is the slope parameter. Substituting Eq. (1) into Eq. (2) leads to:
where a is the replacement of a 1 ðK 0 Þ 1=b . Pc Ã is the hit rate corrected for guessing given by:
where h and fa are the hit rate and false alarm rate, respectively (Pelli, 1985) . Model fitting proceeded in the following way. First, the data from Experiment 2 were fitted to the model to estimate the three parameters, a, b, and x. The estimate of b (value 2.015) was used in the fitting of the data of Experiments 1 and 3, because they did not explicitly manipulate the occlusion duration t.
The relationship of the model here to the standard uncertainty model is described in Appendix A.
Model fitting
The corrected hit rates were fitted by a Weibull function using occlusion duration as the independent variable (Wickens, 2000) . The number of relevant samples, K, was assumed to be a decreasing function of the number of targets and angular velocity. Overall, the model accounted for the data of all experiments well (R 2 ¼ 0:995, 0.970, and 961 for Experiments 1, 2, and 3, respectively), suggesting that under the framework of probability summation and signal detection, the effects of the number of targets and angular velocity were independent and described by a simple function. Although the goodness-of-fit alone is insufficient to accept a model (Roberts & Pashler, 2000) , it enables quantitative comparisons of the performance of this study with other studies using different paradigms. Since many studies discussed the capacity of visual working memory based on a fairly high accuracy level of 80-90% correct (Luck & Vogel, 1997; Phillips, 1974) , I estimated a 75% corrected hit rate as the threshold. The angular velocity threshold was 60 deg/s (Experiment 1), and the lifespans of object working memory in the 0, 63, and 125 deg/s conditions were 1346, 230, and 60 ms, respectively (Experiment 2), while the capacity in terms of the number of targets for the 0 and 125 deg/s were 5.1 and 2.1 targets, respectively (Experiment 3). Note that the stationary conditions (0 deg/s) had threshold values consistent with the previous studies, confirming that these findings do not reflect the peculiarity of the MOPT paradigm.
Experiment 4
Because previous experiments investigated only colorlocation binding, it is unclear whether the findings reflect object level or single feature level representations. The final experiment used multidimensional objects defined by shape and color to investigate the dynamic updating of multidimensional feature binding. Objects had different shapes, as well as colors, and switch occurred with either color alone (color switch), shape alone (shape switch), or color and shape (object switch) (Fig. 5a ). To isolate the object level effect from the single feature level effect, three types of switch detection task with different relevant dimensions were used: color relevant, shape relevant, and both relevant. For example, in the color relevant task, an observer is asked to detect color and object switches, but ignore shape switches.
Significant impairment of color switch detection in the moving conditions of Experiments 1-3 can reflect the spatiotemporal characteristics of feature-location bindings, object token representations, or object type representations. These hypotheses attribute the difficulty in the moving condition to different mechanisms, while the design of this experiment can distinguish them. Tokens and types are feature-integrated representations with and without binding to spatiotemporal locations, respectively (Kanwisher, 1991) . Object representations are considered to be types of conjunction coding: Tokens are a triple conjunction of shape, color, and location, and types are a conjunction of color and shape. Thus, performance in the MOPT task can be analyzed in terms of the change detection with color-location, shape-location, color-shape (type), and color-shapelocation (token) bindings.
First of all, suppose neither object types nor tokens are available. I call this the feature-location binding hypothesis, because it assumes that object information is represented as a set of feature-location bindings. The feature-location binding hypothesis predicts that object switch detection will be more accurate than shape and color switches if both color-location and shape-location coding are fully available, because an object switch involves a switch of both bindings, whereas others involve only one of them. Moreover, if the availability of two types of conjunction coding is reduced due to object motion or other factors, the advantage of object switch will be reduced. Taken together, object switch will be easier to detect, and this advantage will be more pronounced in the stationary condition than in the moving condition, in which previous experiments showed severe impairment of switch detection.
Next, consider the object token hypothesis. In Experiments 1-3 where colors alone are variable, featurelocation bindings and object tokens are identical. In the multidimensional situation, unlike the feature-location binding hypothesis assuming a set of feature-location bindings, the object token hypothesis represents each object as triple conjunctions. Thus, there is no a priori reason to predict any advantage of object switch detection over shape or color switch, because all these switch types involve the same amount of change in triple conjunction representations.
Finally, consider the object type hypothesis. Unlike the feature-location binding and object token hypotheses, the object type alone cannot explain the MOPT task performance, because the MOPT requires feature-location bindings. Thus, I considered only the case in which object types are available in addition to feature-location bindings. Whereas object types were of no use in earlier experiments, they can play significant roles in a multidimensional situation. Object types will facilitate the detection of color switch and shape switch, because they contain changes in object type. However, this detection is not based on location information; the effect of typebased detection of color and shape switch on observersÕ performance depends on relevant dimensions. Namely, in the both-relevant condition where observers do not need to distinguish shape and color switches, performance with the shape and color switch trials is expected to improve. In the color-relevant and shape-relevant conditions where distinction between shape and color switches is crucial, the use of object types will in fact lead to a substantial number of false alarms with shape and color switch trials, respectively.
Thus, when object types are fully available, the prediction based on the feature-location bindings will change in the following way. First, the advantage of object switch detection in the stationary condition will be eliminated. Second, in the moving condition, an advantage of shape and color switch trials will be observed. Third, these changes will be observed only in the bothrelevant condition, while in the other conditions, the hit rate will not change, and there are many errors in trials with switches occurring in the task-irrelevant dimension. Fig. 5b summarizes the predictions discussed above. First, in terms of accuracy for the different event types, the feature-based binding, object token, and object type hypotheses give different predictions. Second, only the object type hypothesis predicts an interaction of event type and relevant dimension. It is notable that the hypotheses above are not mutually exclusive. Thus, there are other possibilities where more than one type of representation is functioning. Some of these complex hypotheses will be considered in the Results section, in which I focus on an analysis of evaluating these hypotheses.
Method
Four objects were various colors and shapes (disk, square, triangle, and pentagon), and their areas were approximately identical. There were four event types (no Fig. 5 . The shape-color conjunctions in the MOPT task. (a) Schematic illustration of the four event types (no switch, object switch, color switch, and shape switch) and the response mapping to the event types for each of the three tasks (both-relevant, color-relevant, and shape-relevant). (b) Predicted pattern of results for the proportion correct as a function of event type, angular velocity, and relevant dimension. Color and shape switches are denoted as feature switch, and color-relevant and shape-relevant conditions are denoted as single-relevant. switch, object switch, color switch, and shape switch) as shown in Fig. 5 . There were three tasks with different response mappings to the event types (both-relevant, color-relevant, and shape-relevant). In the both-relevant task, observers were asked to give a yes response for object, color, and shape switches, and to make no response for no switch. In the color-relevant task, a yes response was associated with the object and color switches, and in the shape-relevant task, a yes response was associated with the object and shape switches. The experiment included six sessions with three tasks and two rotation directions, and the session order was counterbalanced across observers. Each session had 240 trials, composed of 98 no change, 48 object switch, 48 color switch, and 48 shape switch trials. Half the trials were stationary (0 deg/s) trials, and the other half were moving (125 deg/s) trials. There were five observers with normal or corrected to normal color vision.
Results
Proportion correct
Overall, results were consistent with the featurelocation binding hypotheses. In the stationary conditions, object switch detection was significantly better than the color switch detection (F ð1; 4Þ ¼ 11:79, p < 0:05) and the shape switch detection (F ð1; 4Þ ¼ 47:20, p < 0:005). In contrast, as shown in Fig. 6a and b , there was no advantage for object switch detection in the moving condition (F ð1; 4Þ ¼ 0:0002, p > 0:1 for color switch and F ð1; 4Þ ¼ 0:23, p > 0:1 for shape switch). Contrary to the prediction of the object type hypothesis, no significant main effect of relevant dimension, or its interaction with the event type, was observed. Furthermore, as shown in Fig. 6c , error rates for task-irrelevant dimension switch trials were quite low, inconsistent with the heavy involvement of the object types in the MOPT task. Finally, the accuracy in the moving conditions was quite low and at a level comparable to the moving conditions in Experiments 1-3, suggesting that, if any, the facilitatory effect of object tokens or object types on MOPT task performance is negligible. With a single hypothesis, the feature-location binding hypothesis best accounted for the data. It is possible that a more complex hypothesis can account for the data. For example, it is possible that object tokens, as well as feature-location bindings, are used in the stationary condition. However, more important, in the moving condition, where there was no substantial improvement in switch detection compared with earlier experiments, it is highly unlikely that object tokens or types are involved in switch detection. The main findings of earlier experiments that motion impairs switch detection were replicated in a multidimensional situation, suggesting that multiple coherent object representations are not simultaneously available in dynamic situations.
ROC analysis
ROC analysis was conducted separately for event type and task type, both as a function of angular velocity. First, I analyzed A z with the event type and angular velocity as factors (Table 1) . Fig. 7a and b shows aggregate ROC curves for different event type conditions in the moving and stationary conditions, respectively. To test whether the object switch condition showed any difference from the simple feature switch conditions, a linear contrast test to compare the object switch condition with the average of the color and shape switch conditions was conducted for stationary and moving conditions. For the stationary condition, the linear contrast was significant (F ð1; 4Þ ¼ 96:02, p < 0:001), suggesting that object switch detection was significantly more accurate than simple feature switch detection. In contrast, for the moving condition, the linear contrast was not significant (F ð1; 4Þ ¼ 0:27, ns), suggesting that object switch detection performance was not different from simple feature detection. The bias-free measure A z also supports the feature-location binding hypothesis. Second, ROC analysis for the task and angular velocity was conducted. A repeated measures ANOVA for A z revealed only the significant main effect of angular velocity (F ð1; 4Þ ¼ 34:44, p < 0:005). The lack of the effect of a relevant dimension in A z is again inconsistent with the object type hypothesis. Fig. 7c and d shows aggregate ROC curves for different event type conditions in the moving and stationary conditions, respectively. Note that slopes in the single feature relevant task conditions were significantly higher than those in the both relevant conditions, (linear contrast test F ð1; 4Þ ¼ 62:51, p < 0:005). This can be interpreted as follows: monitoring both dimensions (color and shape) increases signal variance significantly more than monitoring a single dimension.
Discussion
Both proportion correct and A z showed that in the moving condition observers were using neither object tokens nor object types in switch detection. This result suggests that the difficulty in the moving conditions in the MOPT task is not solely due to the difficulty in binding feature-based representations with spatiotemporal representations. At least in the MOPT task, observers could not use feature conjunctions independent of object locations (i.e., object types).
General discussion
The findings of this study suggest that objectsÕ features are not bound together in a dynamic situation, even when their motion is quite slow and completely predictable and well within the range of ordinary object motion. The dynamic maintenance of features has been used as an important hallmark of objectness in objectbased attention literature (Chun & Cavanagh, 1997; Tipper, Weaver, Jerreat, & Burak, 1994) ; thus, the failure in dynamic updating of object features casts doubts on the proposal that visual working memory is objectbased. Experiment 4 revealed that this failure of dynamic updating is not only at the level of perceptual features, but also feature conjunctions, another hallmark of objectness. Taken together, object representations, defined as dynamically updatable multidimensional feature binding, are unlikely to be the functional unit of visual working memory.
Although at first glance, this claim sounds inconsistent with recent findings of object-based attention literature indicating that features of a single object are more readily available than those belonging to different objects with dynamic objects (Blaser, Pylyshyn, & Holcombe, 2000; OÕCraven, Downing, & Kanwisher, 1999; Valdes-Sosa, Cobo, & Pinilla, 1998) , one should note that this study does not argue against the view that an object is a functional unit to which visual attention is directed, but is against the view that objects are functional units of visual working memory with multiple storage slots. One important difference between this study and earlier ones is that whereas the earlier studies mentioned above were using two dynamic objects, this study required maintenance of 4-6 object representations simultaneously. The finding of this study that we can hold only one or two objects in a dynamic situation is thus consistent with earlier studies. What this study suggests is that our ability to track object-based representations cannot be extended to the simultaneous tracking of 4-5 object representations.
One might argue that because the MOPT task requires integration across dorsal-and ventral-stream information, attentional processes may be unable to provide perceptual binding, even if four integrated object type representations are stored in working memory. The lack of the effect of object types in Experiment 4 suggests that at least in an explicit detection task such integrated representations are not available, although the possibility of implicit storage of integrated representations cannot be ruled out.
These results are largely consistent with recent evidence that the system of visual cognition works with much less memory than we previously believed (Ballard, Hayhoe, Pook, & Rao, 1997; Horowitz & Wolfe, 1998; Rensink, OÕRegan, & Clark, 1997) . Unlike previous demonstrations, this work provides an experimental paradigm enabling parametric investigations of spatiotemporal characteristics of visual working memory, revealing some important findings. First, the independence of retention cost (effects of the number of targets) and processing cost (effects of angular velocity) contradicts a widely held view of resource sharing in working memory, predicting a trade-off between processing and retention costs (Just & Carpenter, 1992) . Apparently, spatiotemporal characteristics of objects are important determinants of visual working memory capacity, regardless of the number of objects to be held. The independence of retention and processing costs is consistent with some recent findings in the literature on working memory (Towse et al., 2000) . Second, the surprising shrinkage in life-span of working memory for four objects from 1,346 ms, when objects are stationary, to 60 ms when they are moving 125 deg/s, in terms of the 75% threshold level estimated by the model from the results of Experiment 2, revealed that there is a strong dissociation between the range where object features are bound together, and the range of easy and accurate tracking. This is not consistent with the view that what is tracked in the MOT task is coherent object representations, but is consistent with the view that what are tracked are visual indexes (Ballard et al., 1997; Leslie, Xu, Tremoulet, & Scholl, 1998; Pylyshyn, 1989) . It has been pointed out that no study has really evaluated the life-span of object files (Leslie et al., 1998) , and to my knowledge this study is the first systematic attempt.
The present work has some implications for the issue of feature binding in visual cognition (Treisman, 1999) . The extremely short life-span and limited capacity of memory for dynamic feature-location binding suggest that such binding is quite transient. It is well known that the binding problem is computationally quite difficult, especially in the case of multiple objects. The present findings may indicate that the visual system functions without solving a multiple object binding problem. Instead of holding integrated representations of multiple objects, the visual system may bind perceptual features of a single object by attentional processing only when necessary (Rensink, 2000) . Rensink (2000) reviewed the literature of change blindness and related phenomena, and proposed the notion of virtual representation, which provides only a limited amount of coherent structure, but provides it whenever requested, making it appear as if all the detailed, coherent structure is present simultaneously. Such representation is a ''just in time'' system, which is an inherently dynamic process. Although such architecture presupposes quite efficient attentional mechanisms, it has the advantage that the short life-span of feature binding avoids crosstalk among multiple binding. This simple serial binding architecture may be enough to deal with real life dynamics, contrary to our intuition that we often have to keep track of identities of multiple moving objects such as when playing basketball.
where K is the number of relevant samples. In summation experiments, K is assumed to be proportional to the signal extent. An advantage of the Weibull function to account for the summation effect is that the probability summation yields a function that is identical to the function for a single sample, except for the location of threshold. Indeed, under the homogeneity assumption that thresholds of single samples are all equal, the observerÕs threshold (a) and the threshold of single samples (a 1 ) has a simple relationship:
ðA:5Þ
For computational simplicity, I used this Weibull version of the uncertainty model for the summation effects for the MOPT data.
To apply this uncertainty model to the MOPT task, color switch detection is assumed to be mediated by a number of task-relevant samples that are sensitive to the angular velocity and number of targets. Similar to the temporal summation, the corrected hit rate Pc Ã of each sample is described as a Weibull function:
ðA:6Þ
where t is occlusion duration in log scale, a i is threshold and b 0 is steepness. Unlike the summation experiments, where the hit rate is an increasing function of the signal (e.g., contrast), the hit rate is a decreasing function of t. Thus, b 0 should be negative, or equivalently, the function is rewritten as: With the homogeneity assumption that a i and b are the same for all samples, the corrected hit rate of a system of K samples Pc Ã ðtÞ is: is a function of the number of target objects N , and the angular velocity r. The number of relevant samples K is described as:
where K 0 is the number of samples in an ideal case. Two factors, N and r, affect K, independently. In this model, the samples are assumed to be evenly allocated to the targets, and among them those allocated to two objects with a color switch are relevant. Also, the number of relevant samples is assumed to be an exponential decay function of the angular velocity with a constant x. 
